Mechanical and fracture properties of epoxy/inorganic micro- and nano-composites by Kinloch, AJ & Taylor, AC
 J. Materials Sci. Letters, vol. 22, 1439-1442 (2003) 
Mechanical and Fracture Properties of Epoxy/Inorganic Micro- and Nano-composites 
 
A.J. Kinloch and A.C. Taylor 
Department of Mechanical Engineering, South Kensington Campus, Imperial College London, London 
SW7 2AZ, U.K. (a.kinloch@imperial.ac.uk and a.c.taylor@imperial.ac.uk) 
 
1. Introduction 
In recent years the concept of forming hybrids using polymers and inorganic materials has received a 
significant amount of attention. Many of these studies have used surface-treated silicates, or organoclays, to 
produce layered-silicate nano-composites, e.g. [1, 2]. A nano-composite is defined as a composite where 
one of the components has a dimension in the nanometre range. Many claims for the potential of these 
organic/inorganic hybrids have been made, but for some important combinations of materials little 
experimental data has been produced. For example, the addition of inorganic filler to a polymer matrix can 
greatly increase its stiffness, especially for thermoplastic materials in the rubbery region. However, 
thermosetting polymers have attracted far less attention, and much of the work that has been done using 
these materials has used elastomeric epoxies. Some studies have used rigid thermosets, though there have 
generally been no comparisons made between the properties of thermoset nano- and micro-composites. The 
present work presents such data, and will discuss how the morphology of the inorganic particles can affect 
the mechanical and fracture properties of the composites produced. This morphology is typically described 
as ‘particulate’ (or ‘conventional’), ‘intercalated’ or ‘exfoliated’, as identified by wide-angle X-ray 
scattering (WAXS) [3, 4]. In an intercalated nano-composite, polymer chains enter the galleries and 
increase the measured spacing. For an exfoliated structure, the individual silicate layers (i.e. platelets) are 
pushed further apart, and the spacing becomes too large to measure using WAXS. For a particulate 
structure, the dimensions and structure of the particles essentially remain unchanged when introduced into 
the polymeric matrix. 
 
2. Experimental 
The epoxy used was a diglycidylether of bisphenol A/F, DGEBA/F, (AY105, Vantico) cured using an 
amine hardener, polyoxypropylenediamine, (Jeffamine D230, Huntsman). A range of inorganic particles 
was used, as shown in Table 1, comprising unmodified and organically-modified silicates. Sheets of epoxy 
composite, 6mm thick, were produced as follows. The epoxy was poured into a beaker, the inorganic 
particles were added and the mixture was stirred using a spatula. The beaker was placed in a vacuum oven 
at 75°C, and the entrapped air was removed. The vacuum was then released, and the mixture was left in the 
oven for 24 hours. After this time the mixture was stirred and a stoichiometric amount of hardener added. 
The mixture was stirred again and poured into a release-coated steel mould. The mould was placed in an 
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oven, and the epoxy was cured for 3 hours at 75°C followed by 12 hours at 110°C [5]. The plate of epoxy 
was removed after cooling and machined to produce tensile dumbbell and fracture specimens according to 
the relevant standards. Note that the addition of the inorganic particles increased the viscosity of the epoxy 
resin, and hence there was a maximum concentration above which the viscosity of the resin was too high to 
be able to cast the sheets. For the Cloisite 30B and 25A modifiers, a maximum of 15% by weight could be 
used. The maximum addition of Nanomer I30E was 10%, and of Cloisite Na+ was 20% by weight. For the 
mica-modified epoxy, 30% by weight could be used. The tensile specimens were tested at a constant 
displacement rate of 1mm/min, using an extensometer to measure the strain within the gauge length. The 
fracture specimens were tested at a constant displacement rate of 1mm/min. Both compact tension and 
three-point bend tests were performed. The machined notch was sharpened by drawing a new razor blade 
across the notch tip prior to testing. (Note that the data produced were compared to data from specimens 
where a natural crack had been tapped into the specimen, and the Kc values using both techniques were 
found to be identical, within experimental error.) The glass transition temperatures of the samples were 
measured using differential scanning calorimetry (DSC), with a scan rate of 20ºC/min. 
 
3. Results 
3.1 Introduction 
The use of wide-angle X-ray scattering (WAXS) enabled the structure of the composites to be ascertained, 
i.e. whether they were exfoliated, intercalated or particulate in nature [6]. It was noteworthy that for the two 
intercalated nano-composites, that the 30B-modified composite had a higher d-spacing that the 25A-
modified composite. These data are summarised in Table 1. Using scanning electron microscopy, the 
orientation of the particles was observed to be random in all cases. 
 
3.2 Glass Transition Temperatures 
The glass transition temperatures, Tg, for the epoxy polymer and the composites with 10% by weight of 
modifier are shown in Table 1. The unmodified epoxy has a Tg of 78°C. The values for the particulate and 
exfoliated composites lie within the range of 79±2°C. However, the intercalated composites show an 
increase in the value of Tg, to 84-85°C, caused by the additional constraint on the polymer chains within the 
galleries of the silicate. (Note that the data for the other concentrations of silicates show similar trends.)  
 
3.3 Tensile Moduli 
The measured tensile moduli increase with an increasing concentration of silicate modifier, see Figure 1. 
The coefficients of variation were typically ±5%. The largest increases in the moduli, at any given 
concentration of modifier, resulted from employing mica, which gave a particulate micro-composite, and 
the exfoliated clay nano-composite (i.e. prepared using the Nanomer I30E silicate). The other clay-modified 
materials showed only a relatively small increase in the measured modulus.  
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3.4 Fracture Toughness  
A fracture toughness, Kc, value of 1.0MPam1/2 was measured for the unmodified epoxy. This is a typical 
value for an unmodified thermosetting polymer in the glassy region [7]. A relatively large toughening effect 
was observed for the mica-modified epoxy, as shown in Figure 2. For example, a Kc value of 2.5MPam1/2 
was measured using 20% mica. This represents an increase of about 150% compared with the toughness of 
the unmodified epoxy. Previous work on this micro-composite has shown that this toughening effect is due 
to crack deflection and to plastic deformation being initiated around the particles, leading to the formation 
of cavities [8]. However, the epoxies modified with the surface-treated clay generally showed only a small 
toughening effect. Indeed, the maximum measured value of Kc was 1.7MPam1/2, using 5% of the Cloisite 
Na+ clay silicate.  
 
Thus, for the clay-modified materials, the measured fracture toughnesses are lower than for the 
mica-modified epoxy. As the degree of exfoliation of the particles increases (i.e. for the composites 
modified with Cloisite Na+ to 25A to 30B to I30E), then the toughness of the composite decreases, see 
Figure 2. It is suggested that although the particles in the Cloisite I30E based nano-composite have 
exfoliated, the platelets may still retain their stacked-layer structure, i.e. they are not randomly distributed. 
In this case, they simply act like relatively larger particles, rather than as individual platelets. Hence, they 
effectively possess a somewhat lower aspect ratio, which leads to a relatively smaller toughening effect. 
 
3.5 Modulus versus Fracture Toughness 
The modulus values may be plotted versus the fracture toughness data to highlight which silicate modifier 
gives the most effective combination of properties, as shown in Figure 3. These data show that the mica-
modified epoxy gives the greatest increase in both the fracture toughness and modulus. However, it should 
be noted that a maximum inclusion of 30% by weight of mica could be employed, compared with only 10 
to 25% by weight being possible for the clay silicates. Nevertheless, even for the same percentage inclusion 
of modifier (e.g. 10%), the mica-modified epoxy micro-composite still shows the highest values of the 
fracture toughness and modulus.  
 
4. Comparison of Experimental Modulus with Theoretical Predictions 
There are many theoretical models that may be used to predict the modulii of particle-modified polymers, 
though amongst the most commonly used models are the Halpin-Tsai and the rule of mixtures relationships 
[9, 10].  
 
However, the rule of mixtures provides an upper bound that is very rarely, if ever, achieved for these 
materials. Hence, the experimental data in the present work will be compared with the Halpin-Tsai 
predicted values. The Halpin-Tsai model gives the modulus of the composite, Ec, as a function of the 
modulus of the polymer, Em, and of the modifier, Ef, as: 
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where ζ is the shape factor, Vf is the volume fraction, and: 
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The volume fraction used in these predictions is the volume of the clay, without the modifier, because the 
model assumes that there is no organic surface-treatment on the silicate. (The surface-treatment will have a 
modulus approximately equal to, or less than, that of the epoxy. Hence, it does not stiffen the matrix, and 
thus only the volume of the silicate itself should be used.) Halpin and Tsai advise that the shape factor, 
ζ, may be taken to be 2w/t, where w/t is the aspect ratio of the particles. However, work by van Es [9] has 
shown that this value is too high for most particulate-modified polymers and he has recommended the use 
of ζ = 2w/3t.  
 
The predictions are compared to the experimental data in Figure 4, using an aspect ratio of w/t = 
10. (The value of 10 was selected since the aspect ratio of the mica and clays prior to incorporation into the 
polymer is approximately 10, as determined by scanning electron microscopy.) Intercalation or exfoliation 
will affect the aspect ratio of the particles after incorporation. However, Figure 4 shows that there is 
apparently little effect of intercalation or exfoliation. Figure 4 also shows that the van-Es-modified Halpin-
Tsai model predicts the moduli of these materials quite well. The mica-modified material tends to exhibit 
moduli that are slightly higher than the van Es prediction, whilst the clay-modified materials fall very close 
to the theoretical values. 
 
5. Conclusions 
Epoxy micro- and nano-composites have been manufactured using a range of inorganic-silicate modifiers, 
with exfoliated, intercalated and particulate morphologies being obtained. The modulus and fracture 
toughness of these composites increased with the weight fraction of modifier. The fracture toughness was 
increased by up to 150% with the addition of mica, which gave a classic micro-composite particulate 
material. However, when the epoxy was modified using the clay-silicates, then generally only a relatively 
small toughening effect was observed, and the fracture toughness of the clay-modified materials generally 
decreased as the degree of exfoliation of the clay particles increased. Indeed, overall, the mica-modified 
epoxy micro-composite showed the greatest increase in both stiffness and toughness compared with the 
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unmodified thermosetting epoxy polymer. The moduli of the both the micro- and the nano-composites were 
in good agreement with predictions using the van-Es-modified Halpin-Tsai model.  
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Table 1: Silicate modifiers used in the present work, and the Tg and structure of the resulting epoxy 
composite. 
 
Inorganic phase Surface treatment Platelet diameter Tg, °C Structure 
None None - 78 - 
Cloisite 25A 2MHTL8 10 µm 85 Intercalated 
Cloisite 30B MT2EtOT 10 µm 84 Intercalated 
Cloisite Na+ None 10 µm 81 Particulate 
Mica R120 None 80 µm 80 Particulate 
Nanomer I30E Octadecylamine 10 µm 79 Exfoliated 
Notes: 
Tg and structure given for 10% by weight of silicate modifier. 
Silicates are bentonite, except the mica R120. 
2MHTL8: Dimethyl, hydrogenated tallow, 2-ethylhexyl quaternary ammonium. 
MT2EtOT: Methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium. 
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Figure 1: Tensile modulus of unmodified epoxy, micro- and nano-composites.  
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Figure 2: Fracture toughness of unmodified epoxy, micro- and nano-composites. 
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Figure 3: Tensile modulus versus fracture toughness of unmodified epoxy, micro- and nano-composites.  
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Figure 4: Relative modulus (composite modulus divided by epoxy modulus) versus volume percentage of 
silicate for micro- and nano-composites. Points are experimental data and lines are theoretical predictions 
using an aspect ratio of ten. 
